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VACUOLELESS1 Is an Essential Gene
Required for Vacuole Formation
and Morphogenesis in Arabidopsis
most severe phenotypes, including the lack of a dis-
cernable vacuole, the accumulation of vesicles and ab-
errant compartments, and defects in vacuolar protein
sorting through the biosynthetic, endocytic, and auto-
phagic pathways (Rieder and Emr, 1997). In plants, only
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soluble proteins require positive sorting signals in orderStanford University
4 Carnegie Institution to be targeted to the vacuole, and secretion of proteins
to the apoplasm is considered a default pathway (De-Stanford, California 94305
necke et al., 1990). Until now, no component of the
plant vacuolar protein trafficking machinery has been
genetically characterized.
Summary
Here, we report the identification and characterization
of vacuoleless1 (vcl1), a mutant of Arabidopsis which
Most plant cells are characterized by the presence
is not able to form vacuoles and which mislocalizes
of a large central vacuole that in differentiated cells
vacuolar contents to the apoplasm. The absence of vac-
accounts for more than 90% of the total volume. We
uoles in vcl1 mutants results in defects in cell elongation
have undertaken a genetic screen to look for mutants
and in the orientation of cell division in the embryo,
that are affected in the formation of vacuoles in plants.
triggers the formation of large numbers of autophago-
In this study, we report that inactivation of the Arabi-
somes, and leads to embryo lethality. We show that
dopsis gene VACUOLELESS1 (VCL1) blocks vacuole
VCL1 is the Arabidopsis homolog of yeast Vps16p, and
formation and alters the pattern of cell division orienta-
our results suggest that the molecular function of VCL1
tion and cell elongation in the embryo. Consistent with
is most likely related to the regulation of membrane
a role in vacuole biogenesis, we show that VCL1 en-
fusion events required for trafficking of proteins to the
codes the Arabidopsis ortholog of yeast Vps16p. In
vacuole and for biogenesis of that compartment. The
contrast to yeast mutants that lack a vacuolar com-
severity of the vcl1 phenotype demonstrates that, unlike
partment but are viable and morphologically normal,
in yeast, the presence of a functional vacuole and cor-
loss of the plant vacuole leads to aberrant morphogen-
rect targeting of cellular material to the vacuole is essen-
esis and embryonic lethality.
tial for plant cells.
Introduction Results
Plant vacuoles have a diverse array of cellular functions, vacuoleless1 Mutants Lack Vacuoles
such as protein storage, degradation and recycling of In a screen for mutants with defects in various aspects
cellular contents, sequestration of xenobiotics, ion ho- of early embryo development, we scored approximately
meostasis, osmoregulation, and driving cell elongation 150 previously identified embryo-defective lines (Meinke,
(De, 2000). Consistent with these diverse functions, 1994) as well as 5,000 T-DNA mutagenized lines for
some plant cells contain distinct vacuolar compart- mutant embryos with altered vacuolar morphology in
ments (Paris et al., 1996), namely lytic vacuoles (LV), the suspensor cells of early embryos. Suspensor cells
the equivalent of the yeast vacuole and the mammalian are highly vacuolated, and these vacuoles can be visual-
lysosome, and protein storage vacuoles (PSV). However, ized by observing whole-mount clearing preparations
most plant cells contain one single type of large central of developing Arabidopsis seeds with Nomarski optics
vacuole that is thought to arise by fusion of LVs and several days after fertilization, as shown in Figure 1A.
PSVs (Vitale and Raikhel, 1999). Although there is a One mutant line was remarkable for the lack of vacu-
wealth of information about components involved in reg- oles in suspensor cells of cleared embryos. Whole-
ulating membrane fusion in other compartments of the mount clearing preparations of wild-type and mutant
plant endomembrane system (Sanderfoot et al., 2000), embryos from this line are shown in Figures 1A–1D. The
the elements involved in vacuole formation in plants suspensor of a wild-type embryo at the 4-cell stage of
have not yet been identified. embryogenesis consists of two elongated, highly vacuo-
In yeast, a large number of mutants with altered vacu- lated cells (Figure 1A). A mutant embryo at the same
ole morphology and/or vesicular trafficking to the vacu- stage of development is shown in Figure 1B. Cells 1
ole have been identified and classified in six phenotypic and 2 of the mutant have no apparent vacuoles. Plastic
classes (Raymond et al., 1992). Mutants in the class C sections of later stage embryos are shown in Figures
genes (VPS11, VPS16, VPS18, and VPS33) exhibit the 1E–1H. Suspensor cells of wild-type dermatogen em-
bryos have large vacuoles (Figure 1E, arrows), while
dermatogen stage mutant embryos show only nuclear5 Correspondence: nraikhel@msu.edu
6 These authors contributed equally to this work. and cytoplasmic staining (Figure 1F). Vacuoles are also
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Figure 1. Morphology of Wild-Type and vcl1 Embryo, Ovule, and Endosperm
(A–D) Nomarski images of cleared embryos. Wild-type (A) and vcl1 (B) embryos at the 4-cell stage of development. Suspensor cells are
numbered 1 and 2, cells of the embryo proper 3–6; cells 5 and 6 are below the focal plane in (A). Wild-type (C) and vcl1 heart stage endosperm
(D). Arrowheads indicate endosperm nuclei. V, vacuole. The scale bars in (A) and (B) represent 10 m, and in (C) and (D) they represent 50 m.
(E–F) Histological sections through wild-type and vcl1 embryos. Ovules were fixed and embedded in LR- white resin. One m thick sections
were stained with toluidine blue and observed under bright-field illumination. Globular stage wild-type embryo (E). Arrows point to the large
vacuoles in the suspensor. Globular stage vcl1 embryo (F).
(G) Torpedo stage wild-type ovule. Most of the endosperm is cellularized except at the chalazal pole (asterisk). The inset shows magnification
of the embryo-proper cells showing the presence of large vacuoles (arrows).
(H) Torpedo stage vcl1 ovule. The endosperm is not cellularized. The inset shows magnification of the embryo-proper cells that have a
disorganized appearance and lack vacuoles. Eb, embryo; En, endosperm. The scale bars in (E–H) represent 10 m.
apparent in cells of the wild-type torpedo embryo proper not other compartments of the endomembrane system.
Thus, we named this mutant line vacuoleless1 (vcl1).(Figure 1G, inset, arrows), while no vacuoles are visible
in the mutant at the same stage (Figure 1H).
To better analyze the subcellular morphology of the The vcl1 Mutation Affects Cell Division Orientation
mutant, we examined embryos by electron microscopy. and Cell Elongation
Vacuoles (V) are clearly observed in cells of wild-type In addition to the lack of vacuoles, vcl1 embryos have
embryos at all stages analyzed (Figures 2A, 2C, 2E, 2G, abnormally oriented cell walls and defects in cell elonga-
and 2I). In globular stage wild-type embryos, many small tion, which result in randomly shaped cells and aberrant
vacuoles are present in each cell. As development pro- morphogenesis. As shown in Figure 1A, 4-cell wild-type
ceeds, these small vacuoles fuse to form fewer, larger embryos have two elongated suspensor cells, num-
vacuoles. In contrast, vacuoles are not present in mutant bered 1 and 2, and four embryo-proper cells, numbered
embryo cells (Figures 2B, 2D, 2F, 2H, and 2J), which 3–6. The embryo-proper cells are the products of two
instead accumulate many small vesicles, particularly in divisions: one parallel to the plane of the page, and a
the suspensor (Figure 2F, small arrows). The morphol- longitudinal division perpendicular to the plane of the
ogy of the ER and Golgi apparatus in mutant embryos page. This is in marked contrast with the 4-cell stage
were normal (data not shown), indicating that the muta- vcl1 embryo shown in Figure 1B. Cells 1 and 2 are a
fraction of the length of the corresponding wild-typetion specifically affects the formation of vacuoles and
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Figure 2. Ultrastructural Analysis of Wild-Type and vcl1 Embryos
Wild-type (A, C, E, G, and I). vcl1 embryo cells (B, D, F, H, and J–L). Embryo-proper cells (A–D and G–J).
(A and B) Globular stage.
(C and D) Heart stage.
(E) Wild-type and (F) vcl1 suspensors at early heart stage. The open arrowheads indicate cell walls perpendicular to the apical-basal axis;
large arrows indicate cell walls at an acute angle relative to the apical-basal axis; V, vacuole; small arrows, vesicles; asterisk, autophagosomes.
(G and H) Torpedo stage.
(I and J) Late torpedo stage. V, vacuole; asterisk, autophagosomes; solid arrowhead, autophagosome intermediate; En, endosperm.
(K) Magnification of autophagosomes from a heart stage vcl1 embryo proper containing intact mitochondria, M, and Golgi apparatus, G. Solid
arrowhead, autophagosome intermediate.
(L) Magnification of a cell wall corner from a late torpedo stage vcl1 embryo showing electron-dense aggregates. The scale bars in (A–D) and
(G–L) represent 1 m, and in (E) and (F) they represent 2 m.
cells, and in addition are wider. Cells 3–6 are the result arrows). As a result, vcl1 heart stage suspensors are not
organized as a single file of cells. The pattern of cellof two lateral divisions perpendicular to the plane of the
page. Thus, at this early stage, vcl1 embryos have simple division and elongation is also altered in the embryo
proper, leading to a very aberrant morphology. Wild-alterations in cell division orientation and cell elongation.
At the heart stage, the defects in cell division orienta- type torpedo stage embryos have approximately 2000
cells (Ju¨rgens and Mayer, 1994) and have elaboratedtion are evident in the suspensor. In wild-type embryos,
several divisions of the basal cell of the 2-cell zygote cotyledons and hypocotyl (Figure 1G), as well as clearly
vacuolated cells in the embryo proper (Figure 1G, inset).give rise to a single file of seven to nine cells that consti-
tute the suspensor (Yeung and Meinke, 1993). Those In contrast, a torpedo stage vcl1 embryo contains ap-
proximately 100 undifferentiated cells and has not devel-divisions are always in a plane perpendicular to the
apical-basal axis, as shown in Figure 2E (open arrow- oped the wild-type segmentation patterns (Figure 1F).
Endosperm development is also affected in vcl1heads). In contrast, heart stage vcl1 suspensors have
normally oriented walls (Figure 2F, open arrowheads), ovules. At the heart stage of development, wild-type
endosperm nuclei are evenly sized and evenly spaced,as well as walls of abnormal orientation (Figure 2F, large
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and cellularization of the endosperm syncytium has be- in various tissues and found it to be expressed through-
out the plant, including developing siliques (Figure 3A).gun (Figure 1C). In the vcl1 endosperm (Figure 1D) a few
We then examined the localization of AtALEU in wild-very large, unevenly spaced nuclei are observed, and
type and vcl1 ovules by immunoelectron microscopy.the endosperm has not undergone cellularization. More-
To maintain antigenicity of AtALEU, cryosectioning isover, the mutant endosperm syncitium does not occupy
required (Ahmed et al., 2000); however, this techniquea parietal position and instead occupies all the available
disrupts the endosperm cells and only the embryo andspace of the embryo sac (see Figure 1G versus 1H). In
developing seed coat retain a normal cellular structureaddition, vcl1 ovules grow to less than half the size
suitable for analysis by immunoelectron microscopy.of wild-type ovules (see Figure 1G versus 1H). Mutant
Specific labeling by AtALEU antibodies was consistentlyovules begin to desiccate when wild-type siblings are
observed in the cell wall corners of the endothelium inat the late torpedo or early bent cotyledon stage of
vcl1 ovules (Figures 3E and 3F). Moreover, these celldevelopment, much earlier than wild-type. Mutant seed
corners had an amorphous structure, with electron-are nonviable and, therefore, the mutation must be prop-
dense aggregates. These amorphous structures areagated as a heterozygote. Heterozygous vcl1/VCL1
reminiscent of those observed in vcl1 embryo cell cor-plants segregate 24.8% mutant seed (n  999), indicat-
ners (Figure 2L), and may reflect bulk protein secretioning that vcl1 is a single nuclear recessive mutation.
to the apoplasm. In wild-type endothelium cells, neither
labeling by AtALEU antibodies nor the accumulation of
the amorphous aggregates was observed in the cellLoss of VCL1 Function Triggers the Formation
walls (Figure 3D). No significant labeling was observedof Autophagosomes
in wild-type or vcl1 embryo cells or in control experi-When metabolic conditions of the cell are perturbed,
ments with preimmune sera (data not shown). Our dataautophagosomes form to engulf cytosolic contents.
suggest that the normal trafficking of the vacuolar pro-After fusion of the autophagosomes with the vacuole,
tein AtALEU is disrupted in the vcl1 endosperm syncy-cytoplasmic contents are degraded and recycled (Kim
tium, resulting in secretion of AtALEU to the intercellularand Klionsky, 2000). Electron microscopic analysis re-
space of the adjacent maternally derived endothelium.vealed the presence of autophagosome compartments
The expression of AtALEU in this zone of the endospermin vcl1 heart stage embryos (marked with an asterisk in
would be consistent with that of its barley homolog
Figures 2D and 2F). During and after the heart stage,
aleurain (Holwerda et al., 1992).
autophagosomes accumulate rapidly and by the late
torpedo stage, vcl1 cytoplasm is completely filled with
VCL1 Encodes a Protein with Sequencecoalescing autophagosomes and has lost most of its
and Structural Similarity to Vps16pinternal organization (Figure 2J). These compartments
Cosegregation of the vcl1 phenotype with T-DNA-are bounded by a double membrane and contain unde-
encoded kanamycin resistance indicated that a T-DNAgraded cytoplasm, as evidenced by the presence of
insertion was the likely cause of the vcl1 mutation. Aintact organelles (Figure 2K). In many cases, the cyto-
genomic library was prepared from heterozygous vcl1/
plasm is not completely enclosed by the membrane,
VCL1 plants and a T-DNA left border fragment which
perhaps reflecting the presence of intermediates in the
contained adjacent Arabidopsis genomic DNA was
formation of these compartments (Figures 2D and 2K,
cloned. Blastn searches with this small genomic frag-
solid arrowhead). Importantly, these autophagosomes ment revealed that this T-DNA left border was inserted
do not appear to fuse with any vacuole-like com- into the fourth exon of predicted gene T8P21.7 (the sev-
partment. enth gene on BAC T8P21), at approximately 72 cM on
chromosome II.
To confirm that inactivation of gene T8P21.7 caused
The Vacuolar Protein AtALEU Is Missecreted the vcl1 mutation, we made a plasmid construct con-
to the Extracellular Space in vcl1 Ovules taining the entire T8P21.7 coding sequence as well as
The inactivation of VCL1 also affects the morphology of 3 kb of upstream sequence (up to the predicted coding
the cell wall, which becomes progressively thicker dur- sequence of T8P21.6; Figure 4A). This construct comple-
ing embryo development. At the late torpedo stage, cell mented the vcl1 mutant phenotype and confirmed the
walls in vcl1 are three to four times thicker than in wild- identity of T8P21.7 as the VCL1 gene. We obtained a
type embryos (see Figure 2I versus 2J), and amorphous corresponding cDNA containing an open reading frame
aggregates and fibrillar material are observed in cell encoding a predicted protein of 858 amino acids, with
wall corners (Figure 2L). As vacuoles are absent in vcl1 a putative molecular weight of 97 kDa (GenBank acces-
embryos, the accumulation of these aggregates in the sion number AF359240).
extracellular space might be due to missecretion of nor- A Blastp comparison of the VCL1 protein sequence
mally vacuolar localized proteins to the extracellular with the complete set of Arabidopsis proteins predicted
space. by The Arabidopsis Genome Initiative (2000) revealed
To determine whether the missecretion of a vacuolar that VCL1 has no homologs in the Arabidopsis genome
protein to the extracellular space was indeed occurring, (all Blast scores less than 40). However, a Genbank
we examined the localization of the Arabidopsis vacuo- Blastp search demonstrated that VCL1 has similarity to
lar cysteine protease At Aleurain (AtALEU; Ahmed et al., Vps16p from Saccharomyces cerevisiae (Horazdovsky
and Emr, 1993). VPS16 belongs to the class C VPS2000) in vcl1 ovules. We tested the expression of AtALEU
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Figure 3. AtALEU Localizes to the Cell Wall in vcl1 Ovules
(A) Distribution of AtALEU in Arabidopsis organs. Equal amounts of total proteins from leaves (1), stems (2), inflorescences (3), and siliques
(4) were separated by SDS-PAGE and immunoblotted with AtALEU-specific antibodies.
(B–F) Immunolocalization of AtALEU on ultrathin cryosections from Arabidopsis ovules 80–90 hr after flowering. Sections from wild-type (B)
and vcl1 ovules (C) were incubated with anti-AtALEU antibodies followed by protein A conjugated to 15 nm gold particles. The asterisks
indicate the embryo sac.
(D) Magnification of the wild-type endothelium cell wall corner marked in brackets in (B).
(E and F) Magnification of vcl1 endothelium cell wall corners marked in brackets in (C). Strong labeling (gold particles) with anti-AtALEU
antibodies is shown. CW, cell wall. The scale bar represents 0.5 m.
genes, which are required for vacuole biogenesis and (Figure 4C). In contrast, the expression of KNOLLE/
protein trafficking to the vacuole in yeast. VCL1 and SYP111 was induced only in actively dividing tissues,
Vps16p share 24% identity throughout their entire pro- such as inflorescences and immature siliques, indicating
tein sequences. Moreover, both proteins lack hydropho- that VCL1 function may be more closely related to cell
bic domains and have regions predicted to form coiled- growth than to cytokinesis. The expression levels of
coils (data not shown). VPE, an age-induced vacuolar cysteine protease (Ki-
noshita et al., 1999), were regulated in an opposite man-
VCL1 Expression Is Induced in Dividing ner to VCL1. The expression profile of VCL1 is consistent
and Expanding Cells with a role of the protein in vacuole biogenesis and
We analyzed the expression levels of VCL1 in cell cul- vacuole enlargement in dividing and expanding cells.
tures of Arabidopsis at different stages of cell growth
(Figure 4B). The expression of VCL1 mimics that of the
Discussioncytokinesis-specific syntaxin KNOLLE/SYP111 (Lauber
et al., 1997) and is opposite that of the soluble invertase
VCL1 Is Required for Vacuole BiogenesisAtFRUCT4. In stationary cells, VCL1 is expressed at low
and Vacuolar Protein Traffickinglevels, but it is readily induced when the cell cultures
We have identified an embryo development mutant ofare transferred into fresh medium and the cells resume
Arabidopsis called vacuoleless1. Microscopic analysisgrowth (Figure 4B). The higher expression of VCL1 and
of the vcl1 phenotype indicates that VCL1 is requiredKNOLLE/SYP111 in actively dividing cells is not a result
for very early steps of vacuole biogenesis: vcl1 mutantof a general upregulation of secretory pathway proteins,
embryos lack normal vacuoles and instead accumulateas the expression of the syntaxin SYP21 and the Sec1p
large numbers of small vesicles which, in the absencehomolog AtVPS45 is maintained at constitutive levels.
of VCL1, are presumably not able to fuse to form aWe also analyzed the levels of expression of VCL1 in
vacuole. This phenotype is consistent with VCL1 playingvarious organs of soil-grown plants, at different times
a role in the docking or fusion of prevacuolar vesicles.after germination. VCL1 was expressed throughout de-
Our analysis of the mislocalization of the vacuolar pro-velopment, but its levels were higher in growing or ac-
tein AtALEU in vcl1 ovules also supports this hypothesis.tively dividing organs, such as leaves before full expan-
sion, stems, immature siliques, and inflorescences Further evidence for a direct role of VCL1 in regulating
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involved in a conserved function, such as nutrient trans-
port. The lack of vacuoles in vcl1 suspensors may inter-
fere with nutrient flow through the suspensor, in effect
starving the embryo and triggering the formation of auto-
phagosomes, which are double membrane-bounded
vesicles that form under starvation conditions in eukary-
otic organisms. Autophagosomes sequester cytosolic
components, including organelles, and then fuse with
the vacuole/lysosome to deliver bulk cytoplasmic cargo
to the vacuolar lumen, where it is degraded by resident
hydrolases (Kim and Klionsky, 2000). The recycled com-
ponents are then used by the cell to carry out its essen-
tial functions.
Missecretion of Vesicles to the Plasma Membrane
Could Alter Cues for Division Plane Orientation
The defects in cell elongation observed in vcl1 embryos
can be directly attributable to the block in vacuole bio-
genesis. However, the dramatic alteration of division
plane orientation in vcl1 embryos is an unexpected re-
sult of the lack of a vacuole. This effect may be a second-
ary consequence of the loss of VCL1 function. In vcl1
mutants, we have observed that the vacuolar protein
AtALEU is mistargeted to the cell wall, and that the
cell walls of embryos become increasingly thick and
amorphous during development of the embryo. These
data suggest that large amounts of proteins and en-
zymes which are normally targeted to the vacuole are
instead being sent to the cell wall. In addition, vesicle
membranes that would normally fuse with the vacuole
Figure 4. VCL1 Gene Structure and Expression fuse instead with the plasma membrane. This abnormal
(A) VCL1 genomic rescue fragment (BamHI fragment, bp 80717– fusion of vacuolar vesicles with the plasma membrane
72960 of BAC T8P21). Black boxes, VCL1 exons; gray box, putative and release of vacuolar contents into the cell wall could
glycine t-RNA; thin line, introns and intergenic region.
disrupt markers of positional information, such as those(B) Samples from an Arabidopsis cell culture were taken at the
thought to be left by the preprophase band (PPB). Theindicated days after subculturing. An aliquot of the culture was
PPB is a transient accumulation of cortical microtubulestransferred into fresh medium at day 20 and samples taken 3 days
(20  3) and 4 days (20  4) later. which predicts the future site of cell wall formation in
(C) Arabidopsis plants were grown in soil for the indicated weeks plants, and has been shown genetically to be important
(W), and samples were taken from young rosette leaves prior to full for cell division orientation (Traas et al., 1995; Cleary
expansion (1), fully expanded rosette leaves (2), drought-stressed
and Smith, 1998). Mineyuki and Gunning (1990) haverosette leaves (3), fully expanded cauline leaves (4), stems (5), and
proposed that the PPB localizes the deposition of fac-inflorescences (6). Total protein extracts were analyzed for the pres-
tors into the cell wall or plasma membrane that guideence of the indicated proteins by immunoblotting with specific anti-
bodies. the developing cell plate to the proper position. This
signal might be obscured or diluted by the vacuolar
material which is mistargeted to vcl1 cell walls, or by
the vesicle membranes which fuse with the plasmamembrane docking and fusion at the tonoplast comes
membrane. The masking of a positional marker thatfrom the analysis of its sequence. VCL1 is homologous
guides the developing cell plate might then alter mecha-to yeast Vps16, which is part of a tonoplast-associated
nisms involved in the positioning of the new cell wall.protein complex (C-VPS or HOPS complex) that regu-
The vcl1 phenotype demonstrates that the vacuole islates homotypic fusion of vacuoles and docking of vesi-
essential for the viability of plant cells, and that loss ofcles at the tonoplast (Sato et al., 2000; Seals et al., 2000;
this organelle has dramatic effects on cell elongationWurmser et al., 2000).
and, surprisingly, division orientation. The similarity of
VCL1 to yeast Vps16p suggests that at least some as-
pects of the mechanism of vacuole biogenesis are con-The Defects in Suspensor Development May
served between yeast and plants, while the vcl1 pheno-Affect Nutrient Flow and Starve vcl1 Embryos
type demonstrates that the vacuole has been recruitedThe suspensor is a specialized embryonic tissue that
to perform many more functions in plants compared tohas been proposed to function in the transport of nutri-
yeast. The identification of VCL1 constitutes an impor-ents from the maternal tissues to the developing embryo
tant step in understanding the diverse functions of the(Yeung and Meinke, 1993). Indeed, the presence of large
plant vacuole and elucidating the mechanism of vacuo-vacuoles is ubiquitous in the suspensor cells of many
plant species (De, 2000), suggesting that they may be lar biogenesis and targeting in plants.
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